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In contrast to common expectations, the differences in limits of detection (LODs) between electron
capture negative ionization (ECNI) and electron ionization (EI) mass spectrometry (MS)
were found to be insignificant for a wide range of aldehydes derivatized with o-(2,3,4,5,6-
pentafluorobenzyl)-hydroxylamine hydrochloride. Comparison of the two ionization methods
based on LOD confidence intervals revealed that a traditional presentation of the LOD or limit of
quantitation (LOQ) as a single value may over/underestimate the significance of obtained results.
LODs were between 20 and 150 pg injected for the majority of tested derivatized carbonyls using
both ionization methods. ECNI-MS improved LODs by 10- to 20-fold only for two derivatized
aldehydes, 4-hydroxybenzaldehyde and 5-(hydroxymethyl)furfural. Selectivity of ECNI did not
appear to be beneficial when analyzing a wood smoke particulate matter (WS-PM) extract,
possibly because the majority of interferences were removed during sample preparation (i.e.,
liquid–liquid extraction). The impact of four different data acquisition modes of transmission
quadrupole (TQ)-MS on LODs and their precisions was also investigated. As expected, LODs in
the selected ion monitoring (SIM) were two to four times lower than those obtained using total
ion current (TIC) mode. More importantly, TQ-MS in the selected ion-total ion (SITI) mode (i.e.,
acquiring SIM and TIC data in a single analysis) provided signal-to-noise ratios and precisions,
which were comparable to SIM alone. (J Am Soc Mass Spectrom 2010, 21, 592–602) © 2010
American Society for Mass SpectrometryAldehydes, as products of the lipid peroxidationreactions and various atmospheric processes,are often detected in biological and environ-
mental matrices [1–15]. Derivatization of aldehydes is
typically employed before the analysis to improve chro-
matographic separation and detection limits [1–15].
One of the suitable derivatization agents for alde-
hydes, recommended by the U.S. Environmental Pro-
tection Agency (EPA), is o-(2,3,4,5,6-pentafluorobenzyl)-
hydroxylamine hydrochloride (PFBHA) [11, 16]. Re-
action of aldehydes with PFBHA provides thermally
stable and volatile oximes amenable to gas chromato-
graphic (GC) analysis [16, 17]. Mass spectrometry (MS),
using either electron ionization (EI) or electron capture
negative ionization (ECNI), is often employed for de-
tection of PFBHA-aldehydes.
Use of selective and sensitive ECNI is enabled due to
the strong electron-withdrawing effect of five fluorine
atoms in the molecule of derivatized aldehyde (PFBHA-
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doi:10.1016/j.jasms.2009.12.009aldehyde). In contrast to high-energy (i.e., hard ioniza-
tion) EI-MS, soft ionization (e.g., ECNI) does not typi-
cally induce extensive fragmentation of a molecular ion.
A negative-charge molecular ion (i.e., [M]•) may ap-
pear with a high abundance in an ECNI spectrum
facilitating the analyte identification as well as increas-
ing sensitivity [18]. It was observed, however, that the
fragmentation of PFBHA-aldehyde negative-charge
molecular ions (namely C6–C10 linear aldehydes,
glyoxal, methylglyoxal, and benzaldehyde) in ECNI
was as extensive as that of positive-charge molecular
ions in EI, perhaps due to the dominating dissociative
electron capture mechanism of ionization [1, 11]. As a
consequence, the identification of unknown PFBHA-
aldehydes is not facilitated using ECNI. The main ions
observed in both EI and ECNI mass spectra originated
from the derivatization agent. EI mode showed patterns
with a base peak of m/z 181, which is [C6F5CH2]
 [1].
Similarly, the base peaks observed in the derivatized
aldehyde ECNI mass spectra represented the ions of
[C6F4CH2O]
 (m/z 178), [C6F5CH2]
 (m/z 181), and
[C6F5CHO]
 (m/z 196) [1]. A significant [M  20] ion(perhaps [M  HF]) was observed in the mass spectra
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hydes and some aromatic aldehydes in ECNI spectra
[1, 11].
Limits of detection (LODs) obtained using ECNI and
EI have been previously compared for only a few
PFBHA-aldehydes (linear saturated and unsaturated
aldehydes, glyoxal, methylglyoxal, and benzaldehyde),
which showed ECNI to provide slightly lower LODs
than EI [1, 19]. However, neither the method of preci-
sion nor the description of LOD calculation were re-
ported [1, 7, 10, 19–22]. EI and ECNI experiments were
performed using different instrumentation [1, 19];
therefore, it is not clear whether the ECNI signal-to-
noise ratio (i.e., detectability) improved solely due to a
lower LODs of ECNI for PFBHA-aldehydes.
In this work, we have evaluated and compared the
ECNI and EI-MS based on LOD confidence intervals for
33 aldehydes derivatized with PFBHA. The evaluation
was performed using two GC/MS instruments (3D
quadrupole ion trap and transmission quadrupole) each
equipped with interchangeable CI and EI sources. We
have also investigated the performance of transmission
quadrupole (TQ)-MS in four data acquisition modes.
Experimental
Chemicals and Materials
Standards of aldehydes were of 95% and higher purity
(unless stated otherwise). Acetaldehyde, propanal, bu-
tanal, isobutanal, n-pentanal, n-hexanal, n-heptanal, n-
octanal, n-nonanal, n-decanal, n-undecanal, n-dodecanal,
acrolein, trans-2-pentenal, trans-2-hexenal, trans-2-
nonenal, trans,trans-2,4-nonadienal (85%), glyoxal
(40% wt. in water), methylglyoxal (40% wt. in wa-
ter), glutaraldehyde (50% wt. in water), benzalde-
hyde, o-tolualdehyde, m-tolualdehyde, phenylace-
taldehyde (90%), hydrocinnamaldehyde (90%),
2,5-dimethylbenzaldehyde, 2-furaldehyde, and 5-
(hydroxymethyl)furaldehyde were purchased from
Sigma-Aldrich (Milwaukee, WI, USA). Formaldehyde
(36.6% wt. in water), crotonal, 2-hydroxybenzaldehyde,
4-hydroxybenzaldehyde, and p-anisaldehyde were pur-
chased from Chem Service (West Chester, PA, USA).
Benzaldehyde-d6 (99.6 atom % D) and butanal-2,2-d2
(99.4 atom % D) were purchased from CDN Isotopes
(Pointe-Claire, QC, Canada). PFBHA (99%) was
purchased from Alfa-Aesar (Ward Hill, MA, USA).
Ultra high purity helium (99.9995%) and methane
(99.999%) were purchased from Airgas (Grand Forks,
ND, USA). Methanol (LC/MS optima grade) and
dichloromethane (DCM) of GC/MS quality were pur-
chased from Fisher Scientific (Pittsburg, PA, USA).
Water was purified using a Direct-Q3 water purifica-
tion system with an incorporated dual wavelength
UV lamp (Millipore, Billerica, MA, USA) for low total
organic carbon content (the manufacturer’s claimed
purity is less than 5 ng g1).PFBHA-Aldehydes Preparation
Individual standard stock solutions of aldehydes were
prepared in methanol at a concentration of 20 mg
mL1 and stored at 18 °C. The derivatization method
has been described elsewhere and was adopted from
the EPA 556 method [16, 23]. Triplicates of PFBHA-
derivatized calibration standards (10–600 g L1) were
prepared by spiking the appropriate amounts of alde-
hyde mixture into purified water. Two internal stan-
dards (IS), butanal-d2 and benzaldehyde-d6, were added
to this solution in the final concentrations of 0.500 mg
L1. PFBHA solution (1.7  104 mg L1) was prepared
fresh in purified water before the derivatization. A
quantitative reaction of aldehydes was assured by add-
ing PFBHA in excess (at least 10-fold based on molar
ratios). To adjust the pH to 3.5, a few drops of an acid
(1  103 mol L1 H2SO4) or base (1  10
3 mol L1
NaOH) were added. The final volume of the aqueous
calibration standard solution was 5.0 mL.
Solutions were set at room temperature in the dark
for 12 h to complete the reaction [16]. To avoid potential
interferences from the excess of PFBHA derivatization
agent during the GC analysis, a few drops of concen-
trated sulfuric acid were added after the reaction. An
extraction of PFBHA-aldehydes into 1.0 mL of DCM
was then employed. The extraction was repeated three
times [16]. The test-tube was hand-shaken for 1 min
before withdrawing the DCM layer; the DCM fractions
were combined (total volume was 3 mL) and filtered
through anhydrous Na2SO4 to remove residual water
[16]. The resulting DCM solutions were concentrated
under a gentle stream of nitrogen to 0.4 mL and
analyzed using GC/MS.
Wood smoke particulate matter was extracted using
hot pressurized water, which is described in detail
elsewhere [23–25]. Aqueous extracts with aldehydes
were prepared for GC/MS analysis as calibration
standards.
GC with ECNI- and EI-TQ-MS
An Agilent 6890 GC coupled to Agilent 5975C inert XL
EI/CI MSD (Agilent Technologies, Inc., Wilmington,
DE, USA) and Gerstel MPS2 autosampler (Gerstel,
Baltimore, MD, USA) were used. MSD ChemStation
D.03.00.611 software was employed for the data acqui-
sition and integration of chromatographic peak areas.
The data obtained were further processed in Microsoft
Office Excel.
The automated tune and m/z calibration using the
instrument’s Autotune file were performed after ev-
ery change of a source or at least once a week. No
significant adjustments of EI or ECNI-MS parameters
were observed among individual tunes. Pentafluoro-
benzylbutylamine (PFTBA) was used as a mass cali-
brant for the EI mode and perfluoro-5,8-dimethyl-
3,6,9-trioxydodecane (PFDTD) for the ECNI mode.
The MS instrument was equilibrated overnight after
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pressure readings were 7.5  106 Torr in EI and 1.7
 104 Torr in ECNI.
Injections were performed in a splitless mode for 0.5
min at 250 °C. Injection volume was 1 L. The separa-
tion was performed on a 30-m long, 0.25 mm i.d., 0.25
m film thickness fused silica DB-5MS column (J and W
Scientific, Folsom, CA, USA). A constant carrier gas
flow rate of 1 mL min1 was maintained during the
analysis. The following temperature program was used:
50 °C held for 2 min, followed by a 3 °C min1 gradient
to 230 °C, then a 35 °C min1 gradient to 320 °C. The final
Table 1. The parameters of analysis and quantitation employed
confirmation ions (m/z) used in EI and ECNI for both TQ-MS and
number of ions scanned, and scanning rates (s–1) in SIM and SITI
due to the switching between TIC and SIM. The dwell time was
same as quantitation and confirmation ions
PFBHA derivatized
aldehyde
Molecular
weight of
derivative
(g · mol1)
Inte
stan
used
quanti
Aliphatic saturated aldehydes
Formaldehyde 225 Butanal-
Acetaldehyde 239 Butanal-
Propanal 253 Butanal-
Isobutanal 267 Butanal-
Butanal 267 Butanal-
Pentanal 281 Benzald
Hexanal 295 Benzald
Heptanal 309 Benzald
Octanal 323 Benzald
Nonanal 337 Benzald
Decanal 351 Benzald
Undecanal 365 Benzald
Dodecanal 379 Benzald
Aliphatic unsaturated aldehydes
Acrolein 251 Butanal-
Crotonal 265 Butanal-
trans-2-Pentanal 279 Benzald
trans-2-Hexenal 293 Benzald
trans-2-Nonenal 335 Benzald
trans, trans-2,4-nonadienal 333 Benzald
Aromatic aldehydes
Benzaldehyde 301 Benzald
m-Tolualdehyde 315 Benzald
o-Tolualdehyde 315 Benzald
2,5-Dimethylbenzaldehyde 329 Benzald
Phenylacetaldehyde 315 Benzald
Hydrocinnamaldehyde 329 Benzald
p-Anisaldehyde 331 Benzald
2-Hydroxybenzaldehyde 317 Benzald
4-Hydroxybenzaldehyde 317 Benzald
2-Furfural 291 Benzald
5-(Hydroxymethyl)furfural 321 Benzald
Dialdehydes
Glyoxal 448 Benzald
Methylglyoxal 462 Benzald
Glutaraldehyde 490 Benzaldtemperature was held for 5 min. The temperature of theMS transfer line was kept at 280 °C. The EI source
temperature was 230 °C and the ionization energy was 70
eV. The CI source temperature in negative mode was
evaluated within a range of 155–250 °C. The optimal
temperature was found to be 155 °C. The ECNI buffer gas
(methane) was ionized using 230 eV; its flow was opti-
mized within 0.5–2 mL min1. The optimal flow rate was
found to be 1.5 mL min1 (optimization is further dis-
cussed in the Results section).
To compare the sensitivity using EI and ECNI,
data were acquired in the selected ion monitoring
(SIM) mode using a unit mass resolution (i.e., de-
FBHA-derivatized aldehydes including: quantitation and
-MS, ISs employed for the quantitation of particular analytes,
licable for TQ-MS only). Scanning rate in SITI mode is reduced
s for all ions in SIM and SITI. SIM acquisition ions were the
on
EI-MS
Quantitation
ion m/z
Confirmation
ion m/z
Number of ion
ions scanned
in SIM group
181 195, 225 4
181 209, 239 3
181 223, 236 3
181 250 2
239 226 4
e-d6 181 207, 239 3
e-d6 181 239, 295 3
e-d6 181 207, 239 3
e-d6 181 239, 323 3
e-d6 181 239 2
e-d6 181 239, 351 3
e-d6 239 181, 345 5
e-d6 181 239 2
181 221, 251 3
181 195, 250 3
e-d6 181 250, 279 3
e-d6 181 250, 293 3
e-d6 181 250, 335 5
e-d6 181 276, 333 3
e-d6 301 271 4
e-d6 181 91, 315 4
e-d6 181 91, 315 4
e-d6 181 286, 329 5
e-d6 181 91, 315 4
e-d6 181 271, 329 5
e-d6 331 181, 288 5
e-d6 181 300, 317 3
e-d6 181 274, 317 3
e-d6 291 248 3
e-d6 181 291, 321 5
e-d6 181 418, 448 5
e-d6 181 432, 462 3
e-d6 181 293, 490 3for P
QIT
(app
25 m
rnal
dard
for
ficati
d2
d2
d2
d2
d2
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
d2
d2
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehyd
ehydnoted as a low-resolution in the acquisition software).
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data acquisition was performed in a total ion current
(TIC) in the m/z range of 50 – 600, SIM, and selected
ion-total ion (SITI) mode (i.e., acquiring SIM and TIC
data in a single analysis). Table 1 shows the acquisi-
tion ions (i.e., quantitation and confirmation ions) as
well as data acquisition rates and a number of
scanned ions in each SIM group (in SIM alone and in
SITI). Analytes eluting close to each other from the
GC column were acquired in one SIM group. In-
creased number of acquisition ions (e.g., five ions
scanned for p-anisaldehyde in EI versus four ions in
ECNI for the same compound) did not have a signif-
icant effect on LOD or precision. The fragmentation
Table 1. Continued
EI-MS
Acquisition
rate in SIM
(s1)
Acquisition
rate in SITI
(s1)
Quantitation
ion m/z
Confir
ion
6.20 3.97 181 178
8.10 4.78 181 178
8.10 4.78 181 178
11.80 5.93 178 181
6.20 4.02 247 220
8.10 4.78 178 181
8.10 4.78 178 181
8.10 4.78 178 181
8.10 4.74 178 276
11.80 5.93 178 317
8.10 4.74 178 196
4.90 3.40 345 3
11.80 5.93 178 196
8.10 4.78 231 178
8.10 4.78 245 178
8.10 4.78 259 178
8.10 4.78 273 178
4.90 3.40 178 3
8.10 4.74 196 283
6.20 4.02 281 2
6.20 3.97 295 167
6.20 3.97 295 167
4.90 3.40 309 167
6.20 3.97 178 204
4.90 3.40 178 279
4.90 3.40 311 178
8.10 4.74 136 196
8.10 4.74 297 178
8.10 4.78 241 178
4.90 3.40 271 196
4.90 3.40 267 167
8.10 4.74 281 167
8.10 4.74 178 197patterns of PFBHA-aldehydes obtained in both EIand ECNI resembled those previously published [1].
EI and ECNI spectra of selected analytes (to our
knowledge not previously reported) are provided in
the supplementary data, Figure S2, which can be
found in the electronic version of this article.
In addition, TIC was performed using two scanning
speeds. In this paper, one is referred as normal TIC
(n-TIC), with a spectral acquisition rate of 2.66 s1 in
the m/z range of 50–600 (providing 20–24 data points
across chromatographic peaks with half-widths of
7–8 s), and the other is fast TIC (f-TIC), 13.24 s1 in
the same mass range (providing 100 data points
across chromatographic peaks with half-widths of
6–8 s). The mass acquisition threshold was set to 50
NCI-MS
on
Number of ion
ions scanned
in SIM group
Acquisition
rate in SIM
(s1)
Acquisition
rate in SITI
(s1)
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
6 4.20 3.07
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
4 6.20 4.08
3 8.10 4.87
4 6.20 4.08
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
5 4.90 3.45
3 8.10 4.87
4 6.20 4.08
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
5 4.90 3.45
4 6.20 4.08
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87
3 8.10 4.87mati
m/z
, 225
, 197
, 233
, 247
, 267
, 261
, 275
, 289
, 303
, 337
, 331
18
, 359
, 201
, 215
, 229
, 243
15
, 313
51
, 265
, 265
, 279
, 268
, 309
, 281
, 280
, 267
, 271
, 255
, 196
, 196
, 450counts for all methods (i.e., f-TIC, n-TIC, SIM, SITI).
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A Trace GC equipped with Polaris-Q 291 3D quadru-
pole ion trap (QIT)-MS (further in the text referred as
QIT-MS) with both EI and CI options and AS3000
autosampler (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) was used to confirm the trends of ECNI/
EI LODs for PFBHA-aldehydes observed using GC/
TQ-MS. Xcalibur 1.3 software was used for the data
acquisition and integration of chromatographic peak
areas. The data obtained were further processed in
Microsoft Office Excel.
The automated tune and m/z calibration using the
instrument’s Autotune file were performed after every
change of the source or at least once a week. No
significant adjustments of EI or ECNI-MS parameters
were observed among individual tunes. PFTBA was
used as a mass calibrant for both EI and ECNI modes.
The CI ion volume was inserted into the MS ionization
source for the ECNI experiment without breaking the
vacuum. The instrument was equilibrated overnight.
The ion gauge pressure readings were 2.0  105 Torr
in EI and 1.7  104 Torr in ECNI.
Injection set-up, flow rate, column, oven tempera-
ture program, and transfer line temperature were the
same as for GC/TQ-MS (see above). Ion source
temperature during the EI experiment was 230 °C
and the ionization energy was 70 eV. The ionization
source temperature for ECNI was evaluated within a
range of 155–250 °C. The optimal temperature was
155 °C. The ECNI buffer gas (methane) was ionized
using 230 eV; its flow was optimized within 0.5–3 mL
min1. The optimal flow rate was 3 mL min1 (opti-
mization is further discussed in the Results and
Discussion section). Data were acquired in the TIC
mode (mass range from m/z 50 to 600) for both ECNI
and EI (see Table 1 for quantitation and confirma-
tion ions) experiments evaluating LODs of PFBHA-
derivatized aldehydes. QIT-MS acquisition parame-
ters were set for both EI and ECNI as follows: number
of microscans was 2, maximum ion time was 25 ms,
and automatic gain control was turned on. The aver-
age number of data points acquired across chromato-
graphic peaks with half-widths of 6 – 8 s was 20 –
24. The mass acquisition threshold was set to 50
counts.
Statistical Data Evaluation
LODs in pg (a minimal mass injected enabling the
analyte detection) and their confidence intervals for
individual PFBHA-aldehydes were computed using
data points from three calibration standard sets,
which were within the linear range and one order of
magnitude of suspected LOD [26]. A least-squares
linear regression analysis using Microsoft Office Ex-
cel was performed to obtain calibration curve param-
eters. Average mass LODs (mLOD) were calculated
using eq 1,mLOD
3.3 sY
k
(1)
where k is a slope of the calibration curve and sy is the
standard deviation of the linear regression residuals,
which is obtained as a square root of residual mean
square (MSRES) representing the unbiased estimate of a
calibration curve variance [27].
A confidence interval for MSRES was obtained using
eq 2 [27],
(n c)MSRES
a ⁄ 2,nc
2 MSRES
(n c)MSRES
(1a) ⁄ 2,nc
2  (2)
where (n  c) represents a number of degrees of
freedom (n is a number of data points, c is a number of
independent variables), 2 is a chi-square distribution
coefficient at a decision level   0.05 and degrees of
freedom (n  c), where c  2. The square root of upper
and lower MSRES gives the sy critical limits.
The confidence interval for k was obtained using
eq 3 [27],
k ta ⁄ 2,ncsk k k ta ⁄ 2,ncsk (3)
where t is a coefficient of Student’s t-distribution at a
decision level   0.05 and degrees of freedom (n – c),
where c 2, sk is a standard error of k obtained from the
regression analysis.
The uncertainty of mLOD was estimated by propaga-
tion of errors eq 4 [assuming mLOD as a function of sy
and k (eq 1)].
dmLOD(sY, k)	(3.3sY ⁄ k)
	sY
dsY2	(3.3sY ⁄ k)
	k
dk2
(4)
Solving and simplifying eq 4 assuming infinitesimal
changes of sy and k (i.e., dsy  sy and dk 
k) provided the uncertainty of mLOD described in
eq 5.

mLOD(sY, k)(3.3)k 2
sY 23.3sYk2 2
k2 (5)
Then the true value of mLOD lies within the 95%
confidence interval (eq 6).
mLOD (
mLOD ⁄ 2)mLODmLOD (
mLOD ⁄ 2) (6)
This confidence interval may be directly associated with
the LOD precision. Calculations are graphically depicted
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compounds and methods are provided in Table S1).
Finally, the hypothesis whether the average LODs
obtained using EI and ECNI were different for a group
of derivatized aldehydes (saturated and unsaturated
aliphatic, aromatic aldehydes and dialdehydes) was
tested using a two-tail paired t-test. Results were ex-
pressed as a probability (i.e., P value). LODs obtained
Figure 1. The effect of reproducibility in individual calibration
levels on the LOD and its confidence interval for (a) crotonal and
(b) nonanal, the width of 95% confidence interval for crotonal was
11–26 pg, whereas nonanal interval was broader, 47–115 pg, due
to the low reproducibility in individual calibration levels (tabu-
lated LOD intervals for all aldehydes and modes of acquisition are
provided in supplementary Table S2). Data were acquired using
ECNI-TQ-MS. Insets show data points, which were used for
statistical calculations (s , k, and LOD confidence interval). A /y A
AIS is abundance of analyte/abundance of internal standard.for EI and ECNI were considered non-different if P 
0.05 (with 95% confidence).
Results and Discussion
Optimization of ECNI Parameters
The ECNI parameters (buffer gas flow and source
ionization temperature) were optimized for both GC/
ECNI-QIT-MS and GC/ECNI-TQ-MS systems before
evaluating the detection sensitivity.
The optimum ion source temperature of 155 °C for
both MS instruments corresponded to the general man-
ufacturers’ recommendations. Increased ion source
temperature (175–250 °C) negatively affected responses
of quantitation ions (listed in Table 1) due to the
extensive fragmentation at higher source temperatures
(Figure S1 demonstrates the decrease of m/z 178 re-
sponse for derivatized heptanal with the increasing ion
source temperature).
Unlike the temperature, the optimal flow rate of
buffer gas (methane) was different for GC/ECNI-
QIT-MS and GC/ECNI-TQ-MS. Responses of quantita-
tion ions increased linearly with increasing flow rate up
to 1.5 mL min1 for GC/ECNI-TQ-MS. A signal drop
for all PFBHA-aldehydes was observed when the buffer
gas flow rate was above 1.5 mL min1. By contrast, the
analyte responses increased linearly with increasing
flow rate up to 3 mL min1 for GC/ECNI-QIT-MS. A
buffer gas flow rate of 1.5 mL min1 and 3.0 mL min1
was selected as optimal for GC/ECNI-TQ-MS and
GC/ECNI-QIT-MS, respectively.
A finding that optimal buffer gas flow rates vary for
different instruments (i.e., manufacturers) implies that
the design of ion source may affect the ECNI efficiency;
therefore, optimization of ECNI parameters may be a
crucial step in trace concentration analysis.
Minimum Detectability Using ECNI and EI
The minimum detectability of ECNI and EI was evalu-
ated using LODs of PFBHA-aldehydes expressed as
95% confidence intervals (calculation described in the
experimental section). This approach allows for evalu-
ating the LOD or LOQ precision, which is otherwise
neglected when LODs/LOQs are reported as single
values. The effect of data scattering at individual cali-
bration levels on the LOD precision is graphically
depicted in Figure 1a and b. A broad confidence inter-
val for nonanal (Figure 1b), compared with crotonal
(Figure 1a), was caused by decreased reproducibility at
low calibration levels.
Absence of peaks representing negative-charge mo-
lecular ions in spectra obtained using ECNI (due to the
dissociative electron capture ionization mechanism)
perhaps contributed to the LOD being similar for EI
and ECNI-MS for the majority of derivatized aldehy-
des employing both GC/TQ-MS (Figure 2) and GC/
QIT-MS (Figure 3).
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derivatized alkenals using ECNI-TQ-MS when evaluat-
ing the average LOD values (depicted as squares in
Figure 2). However, based on the paired t-test, the two
ionization methods (i.e., ECNI and EI) were not statis-
tically different (P value  0.074) with 95% confidence
(Figure 2). This trend was confirmed by QIT-MS anal-
ysis of derivatized alkenals where LODs obtained using
ECNI and EI were nearly identical (Figure 3). Appar-
ently only LOD precisions were slightly improved
using ECNI-TQ-MS but average LODs remained similar
to EI (Figure 2 and Figure 3).
The only significant improvement in LODs using
Figure 2. Comparison of LODs in pg (graphically depicted as
circles and squares) with their 95% confidence interval (graphi-
cally depicted as lines) for EI-SIM-TQ-MS (open circle) and
ECNI-SIM-TQ-MS (open square). Tabulated LOD intervals for all
aldehydes and modes of acquisition are provided in the supple-
mentary Table S2. Confidence intervals may be directly related to
a method of precision at low detection levels. Two-tail paired t-test
Pvalues show whether there is a significant difference in LODs
between ECNI-SIM-TQ-MS and EI-SIM-TQ-MS for a group of alde-
hydes (saturated and unsaturated aliphatic, aromatic, and dialde-
hydes), the P value  0.05 signifies that methods are different.
N.D.  not detected, within the tested range of 50–600 pg.ECNI (for both TQ-MS and QIT-MS) was observed fortwo PFBHA-derivatized hydroxylated aromatic alde-
hydes, 4-hydroxybenzaldehyde and (5-hydroxymethyl)
furfural. Their LODs were in the same range (20–150 pg)
as for other aldehydes using ECNI. However in EI, they
were undetected or provided a weak response within the
tested concentration range 10–600 pg (Figure 2 and
Figure 3). In contrast to 4-hydroxybenzaldehyde, 2-
hydroxybenzaldehyde was detected with comparable
LODs in both ionization modes (Figure 2 and Figure 3).
This suggests that the position of a functional group
(OH) in a molecule may affect the EI efficiency.
In summary, the individual data acquisition meth-
ods mainly affected the precision of LOD but not the
Figure 3. Comparison of LODs in pg (graphically depicted as
circles and squares) with their 95% confidence interval (graphi-
cally depicted as lines) for EI-TIC-QIT-MS (open circle) and
ECNI-TIC-QIT-MS (open square). Tabulated LOD intervals for all
aldehydes and modes of acquisition are provided in the supple-
mentary Table S2. Confidence intervals may be directly related to
a method precision at low detection levels. Two-tail paired t-test
P value shows whether there is a significant difference in sensi-
tivity between ECNI-TIC-QIT-MS and EI-TIC-QIT-MS for a group
of aldehydes (saturated and unsaturated aliphatic, aromatic, and
dialdehydes), the lower P value the greater probability that
methods are different. N.D. not detected within the tested range
of 50–600 pg.
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intervals were a more appropriate representation of
results than single LOD values, especially when the
differences between two methods were relatively small.
Consequently, comparing two techniques based only
on single LOD values may over/underestimate the
significance of obtained results.
Selectivity of ECNI Versus EI in Analysis of Wood
Smoke Particulate Matter Extract
To investigate whether the selective ECNI may reduce/
eliminate background noise from complex-matrices, the
extract of wood smoke particulate matter (WS-PM) was
analyzed using GC/MS using both ECNI and EI (Figure
4a–c).
As expected, chromatographic peaks representing
methoxyphenols, polycyclic aromatic hydrocarbons
(phenanthrene, fluoranthene), esters of carboxylic acids
and some other compound types were observed in the
EI chromatogram (Figure 4a) but not detected using
ECNI (Figure 4b), which does not efficiently ionize
these compounds. However, the overall chromatogram
“baseline noise” of quantitation ions (listed in Table 1)
was not improved in ECNI. Both ionization techniques
provided similar signal-to-noise ratio for PFBHA-
aldehydes detected in WS-PM extract.
Based on the comparison of EI (Figure 4a) and ECNI
(Figure 4b) chromatograms of derivatized and underi-
vatized WS-PM extract (Figure 4c), it appeared that the
majority of interferences were removed during sample
preparation (including PFBHA derivatization and LLE).
Effects of Data Acquisition Modes on LODs and
Their Precisions
Results discussed in the section “Minimum Detectabil-
ity Using ECNI and EI” demonstrated that QIT-MS
operated in TIC mode provided similar average LODs
(in both EI and ECNI) for derivatized aromatic alde-
hydes and only slightly higher LODs for some aliphatic
aldehydes than those obtained using TQ-MS in SIM
(Figures 2, 3, and Table S2). The use of QIT-MS may
thus be preferred in some cases (e.g., a complete char-
acterization of sample is desired apart from the quan-
titation of targeted analytes) over SIM in TQ-MS be-
cause it provides full spectral information.
Recent advancements in quadrupole analyzer tech-
nologies (i.e., shortening the settling times between
ion-scans and improving signal stability) have enabled
additional data acquisition modes (besides TIC and
SIM). New acquisition modes include SITI (i.e., acquir-
ing SIM and TIC data in a single run) and fast scanning
TIC (f-TIC). Due to these developments, TQ-MS may
offer similar performance as QIT-MS.
We evaluated the efficiency of TQ-MS data acquisi-
tion modes including f-TIC, n-TIC, SITI, and SIM using
LODs (i.e., signal-to-noise ratio) and precisions as cri-teria (Figure 5 and Figure 6). Average LODs obtained
by both n-TIC and f-TIC were not statistically different
for the majority of analytes (Figure 5). For several
compounds, including derivatized acrolein, trans-2-
nonenal, trans,trans-2,4-nonadienal, and dodecanal data
acquisition in f-TIC resulted in a higher LOD than in
n-TIC. The precision of LODs was also low when using
f-TIC (Figure 5). Chromatographic peaks at low con-
Figure 4. The chromatographic analysis of the wood smoke
particulate matter extract obtained (a) after PFBHA derivatization
using EI-TIC-TQ-MS, (b) after PFBHA derivatization using ECNI-
(TIC)-TQ-MS, and (c) using EI-(TIC)-TQ-MS (no derivatization
applied), no aldehydes could be identified in this chromatogram
due to the insufficient chromatographic resolution as well as
strong interfering signal of other analytes.centration levels acquired using f-TIC were noisy and
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Even though data smoothing was applied, peak areas
were irreproducible resulting in a large data variability
and lower f-TIC detectability for some compounds.
A large LOD variability was observed for low-
molecular weight derivatized formaldehyde, acetalde-
hyde, and acrolein using all TQ-MS acquisition modes
as well as QIT-MS in TIC (Figures 2, 3, and 5). This was,
however, attributed to their random evaporative losses
during a controlled sample evaporation, which often
must be employed to re-concentrate trace amounts of
Figure 5. Comparison of LODs in pg (graphically depicted as
circles, squares, and triangles) with their 95% confidence interval
(graphically depicted as lines) for EI-SIM-TQ-MS (open circle),
EI-(n-TIC)-TQ-MS (open square), and EI-(f-TIC)-TQ-MS (inverted
open triangle). Tabulated LOD intervals for all aldehydes and
modes of acquisition are provided in the supplementary Table S2.
Confidence intervals may be directly related to a method precision
at low detection levels. Two-tail paired t-test P value shows
whether there is a significant difference in sensitivity between
EI-(n-TIC)-TQ-MS and EI-(SIM)-TQ-MS for a group of aldehydes
(saturated and unsaturated aliphatic, aromatic, and dialdehydes),
the lower P value the greater probability that methods are
different. N.D.  not detected within the tested range of 50–600 pg.aldehydes in environmental samples [23]. A suitableFigure 6. The reconstructed ion chromatograms (RIC) of m/z of
181 of heptanal (syn/anti stereoisomers) acquired using (a) EI-
(f-TIC)-TQ-MS, (b) EI-(n-TIC)-TQ-MS, (c) EI-(SITI)-TQ-MS, where
SIM signal was used, and (d) EI-(SIM)-TQ-MS. The peak half-
widths were6 s; f-TIC (a) provided100, n-TIC (b)21, SITI (c)
40, and SIM (d) 70 data points across the chromatographic
peak. A low signal-to-noise ratio in (a) caused the decrease of
detectability and reproducibility compared with (b). SITI (c) and
SIM (d) had similar signal-to-noise ratio, thus the detectability and
reproducibility (peak shape) of the two scanning methods were
comparable. The amount of analyte was 150 pg, which was near
LOD in TIC mode.
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prove the precision, would be to use the correspond-
ing isotopically-labeled internal standards [23].
LODs and peak shapes (i.e., precision) in SITI (based
on the SIM data) were not compromised compared with
a simple SIM for all tested PFBHA-aldehydes (Figure 6c
and d) despite the decreased number of data points
acquired across the chromatographic peaks (e.g., from
70 data points in SIM to 40 in SITI for PFBHA-
heptanal, Figure 6c and d). TQ-MS in SITI mode may be
equally or more efficient than QIT-MS in TIC.
As expected, the lowest LODs were obtained using
SIM (or using SIM data from SITI mode). Average
LODs were 2 to 4 times lower than with n-TIC with
significant improvement of the LOD precision as well
(Figure 5 and Figure 6). The P values obtained from a
paired t-test of SIM and n-TIC (Figure 5) show that the
two methods were statistically different in sensitivity
comparing groups of derivatized aldehydes (satura-
ted and unsaturated linear, aromatic aldehydes, and
dialdehydes).
Conclusions
In contrast to general expectation, EI and ECNI-MS
offered similar LODs for 31 of 33 tested PFBHA-
derivatized aldehydes. LODs were significantly de-
creased (10- to 20-fold) using ECNI only for two spe-
cific polar analytes, derivatized 4-hydroxybenzaldehyde
and (5-hydroxymethyl)furfural. Assuming comparable
LODs, EI may be suggested as a more suitable tech-
nique than ECNI due to the availability of EI-MS
libraries, and predictability of fragmentation patterns.
This is an important consideration when, in addition to
the quantitation of targeted compounds, the identifica-
tion of unknown peaks is required.
Comparing ECNI and EI based on their single-LOD
values, without any consideration for precision, may
over/underestimate the statistical significance of the
obtained results. To overcome this problem, we derived
an approach allowing for calculation of LOD with its
confidence interval from the calibration curve. The
statistical calculation also has a large potential for
determining the limit of quantitation (LOQ) confidence
intervals upon the proper modification of eqs 1, 4, and
5. Obtaining the LOQ confidence intervals may be
critical when establishing/employing methods for
quality control of regulated substances in various
industries.
Finally, it was confirmed that signal-to-noise ratios
and precisions for PFBHA-aldehydes in the SITI mode
(acquisition of SIM and TIC data in a single analysis)
were the same as in the SIM mode alone. TQ-MS in SITI
was thus demonstrated to be a good alternative to
QIT-MS in TIC for a sensitive analysis of complex
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